ATP hydrolysis is required for degradation of polyubiquitinated proteins by the 26S proteasome but is thought to play no role in proteasomal stability during the catalytic cycle. In contrast to this view, we report that ATP hydrolysis triggers rapid dissociation of the 19S regulatory particles from immunopurified 26S complexes in a manner coincident with release of the bulk of proteasome-interacting proteins. Strikingly, this mechanism leads to quantitative disassembly of the 19S into subcomplexes and free Rpn10, the polyubiquitin binding subunit. Biochemical reconstitution with purified Sic1, a prototype substrate of the Cdc34/ SCF ubiquitin ligase, suggests that substrate degradation is essential for triggering the ATP hydrolysisdependent dissociation and disassembly of the 19S and that this mechanism leads to release of degradation products. This is the first demonstration that a controlled dissociation of the 19S regulatory particles from the 26S proteasome is part of the mechanism of protein degradation.
Introduction
The 26S proteasome is a highly conserved protease that plays a central role in the control of protein stability in eukaryotic cells. It is the most complex example of ATP-dependent proteases, which have active sites sequestered inside a barrel-shaped core and which recruit . At least in the case of Ufd4, the interaction is direct and essential for substrate instability (Xie and Varshavsky, 2002) . Second, various adaptor proteins can bind the 26S proteasome and participate in recognition of the polyubiquitin chain. These include the UbL-UBA domain proteins Rad23 and Dsk2, and the AAA-type ATPase Ufd1/Cdc48/p97. Since different adaptor proteins facilitate degradation of different substrates, the adaptor proteins may contribute to the specificity of proteolysis by a yet unknown mechanism (Verma et al., 2004) .
In addition to the complex substrate recognition mechanism, the 26S proteasome has an elaborate structure. While its prokaryotic prototypes are oligomeric assemblies of two types of subunits, the 26S proteasome is composed of 33 proteins organized in two subcomplexes, the 20S proteolytic core and the 19S regulatory particle. The crystal structure of the 20S reveals four tightly stacked rings of β-and α-type subunits, with the two inner β rings having proteolytic activity ( On the other hand, difficulties in preparation of sufficient quantities of polyubiquitinated substrates limited the attempts to address whether the 26S proteasome remains stable during the catalytic cycle. Consequently, the 26S particles were proposed to function as stable complexes based on indirect evidence. While various nucleotides can support degradation and undergo hydrolysis by the 26S proteasome, they cannot replace ATP in the formation of 26S (Armon et al., 1990). Although the molecular basis for this phenomenon is unknown, the observation was interpreted as evidence for stability of the 26S proteasome during its catalytic cycle. A potential for ATP hydrolysis-dependent dissociation was demonstrated for bacterial ClpAP protease, whose half-life was increased 5-fold in the presence of ATPγS (Sigh et al., 1999). Nevertheless, the ClpAP complex remained stable during multiple rounds of ATP hydrolysis and peptide bond cleavage. Thus, disassembly is not an obligatory step in the catalytic cycle of ClpAP, at least in assays with model substrates. Finally, analysis of the interspecies 26S hybrids formed during mixing of cell extracts revealed an exchange of subcomplexes (6%-24% per hour, Hendil et al., 2002). However, this approach also failed to firmly establish whether the exchange is linked to the catalytic cycle.
In this study, we analyzed the stability of the yeast 26S proteasome in two experimental paradigms: during ATP hydrolysis-dependent release of the bulk of endogenous proteasome-interacting proteins, and during degradation of the purified Sic1 substrate of Cdc34/ SCF Cdc4 ubiquitin ligase. Our results suggest that a tightly controlled cycle of assembly and disassembly of the 20S, the 19S, and the interacting proteins is part of the mechanism of protein degradation.
Results

ATP Hydrolysis-Dependent Release of Endogenous PIPs from the 26S Proteasome Is Coincident with Dissociation of the 19S
We reasoned that analysis of the mechanism by which the 26S proteasome releases endogenous proteasomeinteracting proteins (PIPs) is essential for understanding its function. PIPs were initially defined as a group of unrelated proteins that could be trapped in a complex with the 26S proteasome in the presence of ATPγS, either via binding to a substrate or via direct interaction with the 19S (Verma et al., 2000) .
To monitor the release of PIPs from the 26S proteasome, we chose to immunopurify the complexes through the FLAG epitope-tagged Pre1 ( F Pre1) β-type subunit of the 20S (Verma et al., 2000) . This approach held two advantages. First, in the presence of ATP, it ensured isolation of the 20S bound 19S without interfering with the 20S-19S or the 19S-PIPs interaction. Second, rapid isolation of the complexes at 0°C should allow trapping the PIPs even in the presence of ATP, while subsequent incubation at 30°C should lead to a controlled release of the PIPs from immobilized F Pre1 complexes.
Indeed, incubation of α-F Pre1 IPs with ATP at 30°C led to release of multiple proteins ( Figure 1A, lane 2) . The release was blocked by ATPγS ( Figure 1A, lane 1) , indicating dependence on ATP hydrolysis. Most of these proteins were recovered in solution during the first 5 min of incubation, suggesting rapid release (Figure 1A, compare lanes 2 and 4) . Mass spectrometric analysis (data not shown) revealed that this set of proteins was similar to that previously identified in F Rpt1/ ATPγS samples (Verma et al., 2000) . It included SCF ubiquitin ligase, which we could detect by Western blot in the F Pre1 samples prior to, but not after the incubation at 30°C ( Figure 1B, lanes 1 and 3) . Like other PIPs, SCF was recovered among the released components ( Figure 1B , lane 2), while ATPγS blocked its release (Figure 1B, lane 4) .
However, contrary to the expectation that in the presence of ATP the 19S particles remain bound to the 20S, we observed dissociation of the 19S subunits from F Pre1
PIPs samples ( Figure 1C, lanes 1-3) . The dissociation was blocked by low temperature ( Figure 1C , lanes 4-6) or by ATPγS ( Figure 1C, lanes 7-9) , indicating dependence on ATP hydrolysis. In the presence of ATP, the majority of the released components was recovered in solution during the first 5 min of incubation, suggesting rapid release ( Figure 1C, lane 1) . The dissociation was limited to the 19S subunits, as we did not observe α or β subunits among the released proteins ( Figures  1C and 1F, lane 4) .
Two observations suggest that the ATP hydrolysisdependent dissociation was limited to the fraction of the 26S interacting with PIPs. First, the release of the 19S was coincident with the release of the PIPs. This was most striking in analysis of the components released from Thus, the ATP hydrolysis-dependent dissociation of the 26S
PIPs proteasomes leads to release of Rpn10 subunit and to disassembly of the 19S into subcomplexes. Strikingly, this process also led to the disassembly of SCF, one of the proteasome-interacting complexes. Degradation of polyubiquitinated Sic1 (Ubn~Sic1, MW > 220 kDa) by immobilized PIP-free proteasomes coincided with dissociation of the 19S, as judged by the release of the Rpt1, Rpt5, Rpn10, and Rpn12 subunits ( Figures 4A, lanes 1-6, and 4C, lanes 4-6) . We did not recover deubiquitinated Sic1 protein under these conditions ( Figure 4A, deUbn~Sic1, lanes 1-6) , confirming that disappearance of polyubiquitinated Sic1 reflected its degradation. The fraction of released 19S was proportional to the amount of degraded Sic1 (Figure 4B) , with saturation at about 20 pmol. This would be equivalent to about 2-3 pmol of a substrate per 1 pmol of the 26S, assuming that the singly and doubly capped proteasomes were equally active in the degradation of Sic1 and that together they represented w65% of total F Pre1 complexes ( Figure 3D ). Two observations suggest that in the absence of substrate degradation, ATP hydrolysis did not lead to dissociation of the 26S. In the absence of Sic1, no 19S subunits were released by the catalytically active (Figures 4A, lanes 7-12, and 4C, lanes 1-3) or epoxomicininhibited ( Figure 4C, lanes 7-9) proteasomes. Release of the 19S was also undetectable when polyubiquitinated Sic1 was added but could not be degraded because of inhibition of the proteoytic sites ( Figure 4C,  lanes 10-12) . Strikingly, in the absence of proteolysis, Sic1 accumulated as a deubiquitinated protein outside 26S particles ( Figure 4C, deUbn~Sic1, lanes 10-12) . This suggests that the proteasome either did not unfold Sic1 or that Sic1 protein was unfolded, yet escaped being permanently trapped within the proteolytic core.
Quantitation of Particles Visualized by Electron
Dissociation of the 26S proteasomes during degradation of Sic1 was linked to disassembly of the 19S into free subunits or subcomplexes ( Figure 4E ). This recapitulates what we observed during the ATP hydrolysis-dependent dissociation of the bulk of endogenous PIPs (Figure 2A) . In both cases, the exact pattern of disassembly varied depending on the volume used to trap the released components and how the sample was reconcentrated prior to HPLC. The only consistent difference was that the kinetics of the 19S release in the reconstituted system ( Figure 4A ) was w3 times slower than in the presence of endogenous PIPs ( Figure 1C) . A technical difficulty in the recruitment of polyubiquitinated Sic1 to the immobilized proteasomes was likely the rate-limiting step because when eluted from beads, the same F Pre1 samples degraded Sic1 more rapidly ( Figure 4D, lanes 7-10) , with a rate similar to that of the F Pre1
PIPs samples ( Figure 4D, lanes 2-5) . In both cases, only the Sic1 protein was rapidly degraded, while the Sic1-associated proteins Clb5, Cdc28, Cdc4, Cdc53, and Skp1 either escaped degradation or were degraded with a slower rate.
Thus, using purified Sic1 substrate of the Cdc34/ SCF Cdc4 ubiquitin ligase, we recapitulated the key aspects of the mechanism by which the 26S proteasome dissociates during the release of the bulk of endogenous PIPs.
ATP Hydrolysis-Dependent Dissociation of the 19S Is Coincident with Release of Degradation Products
To test directly whether degradation products were released or remained trapped inside the 20S after the controlled disassembly of the 26S particles, we performed mass spectrometric analysis of peptides recovered from Sic1 degradation assay with PIP-free F Pre1 complexes.
The most distinct pattern of peptides was detected among the components released from the F Pre1 samples (Figure 5Aa ). This pattern was not observed in control experiments, when Sic1 was incubated with α-FLAG beads alone (Figure 5Ab ) or when the supernatants were collected from α-FLAG beads without Sic1 ( Figure  5Ac ). In subsequent bicarbonate washes, similar patterns of peptides were observed regardless of whether the beads did or did not contain F Pre1 complexes (Figures 5Ba and 5Bb) . Thus, under these conditions, we likely released unrelated peptides from the antibodies. Only a small pool of product peptides was recovered during incubation of the remaining F Pre1 samples with 0.1% of trifluoroacetic acid (TFA), which should lead to opening of the 20S (compare Figures 5Ca and 5Cb) .
Comparison of the peptide patterns suggests that the ATP hydrolysis-dependent disassembly of the 26S particles coincided with the release of most product peptides.
Discussion
In this study, we provide the first experimental evidence for a controlled, ATP hydrolysis-dependent disassembly of the 26S proteasome and link it to the degradation of a substrate. Our data are inconsistent with the view that the 26S proteasome functions as a stable particle. Instead, they indicate that a tightly controlled cycle of assembly and disassembly of the 20S, the 19S, and the interacting proteins occurs during protein degradation. The "chew and spew" model for the catalytic cycle of the 26S proteasome summarizes this view (Figure 6) .
The key feature of the proposed mechanism is the coupling between ATP hydrolysis and disassembly of the 26S particles. Clearly, in the catalytic cycle of the 26S proteasome, not every round of ATP hydrolysis leads to disassembly. We observed the controlled dissociation of the 19S only under two experimental situations: first, during the ATP hydrolysis-dependent release of the bulk of endogenous PIPs, possibly linked to degradation of copurified substrates, and second, in assays with purified polyubiquitinated Sic1 substrate of the Cdc34/SCF Cdc4 ubiquitin ligase. A combination of semiquantitative and qualitative evidence links the dissociation of the 26S complexes to the degradation step. This includes the stoichiometric relationship between the number of degraded substrate molecules and the number of disassembled 26S particles and the similarity between the half-life of the 26S complexes and the half-life of polyubiquitinated Sic1 (w4.3 min at 30°C). Strikingly, when the epoxomicin-inhibited 26S proteasomes were incubated with polyubiquitinated Sic1, the 26S particles remained stable even though Sic1 was separated from the polyubiquitin chain, confirming functional recruitment. Thus, the early steps in substrate recruitment preceding deubiquitination are insufficient to trigger the disassembly of the 26S. Rather, the disassembly depends on some of the later steps, which are either functionally linked to or at least very well correlated with degradation.
What A similar role could be assigned to the ATP hydrolysisdependent dissociation of the 19S. This mechanism not only generates the 19S-free end of the proteasome, but it was also linked to the quickest type of degradation typical of naturally unstable proteins and to the release of the product peptides. An important requirement for efficiency of such a degradation mechanism would be rapid reassociation of the 26S particles, necessary to reset the machinery for the next catalytic cycle. The reassociation was not apparent in our assays because we took precautions to prevent the reassembly (suspending 10 l of beads in 50-500 l of buffer guaranteed a 5-to 50-fold dilution). Nevertheless, reassembly would not be prevented by dilution under normal reaction conditions. Indeed, we observed reassembly of the released components upon reconcentration and found that the reconstituted complexes stimulated peptidase activity of the 20S, implicating functional interaction (data not shown).
A second model predicts that product peptides are required, but not sufficient, and that the coupling mechanism depends on a change induced directly in the 19S. Such a change could be induced in the ATPases in response to translocation of the substrate or to interaction with some "coupling" factor recruited with the substrate. Clb5/Cdc28 CDK and the SCF Cdc4 are good candidates for such a "coupling" factor in our assays. Regardless of the precise mechanism of the controlled disassembly, the most striking finding in this report is the formation of the 19S subcomplexes and subunits during the catalytic cycle. Subcomplexes of the 19S particles were previously observed only when purified rpn10D 26S mutant proteasomes were exposed to high salt concentrations (Glickman et al., 1998). This is not the case in our assays. Although , 2004) . These results were puzzling because the 19S and its subcomplexes are normally undetectable as free particles. One possibility is that the relatively high background of proteolysis present in the conditional mutants of the proteasome could have been sufficient to generate the subcomplexes by the mechanism proposed here. In this case, the function of the 19S and its subcomplexes would be nonproteolytic, but their formation would be linked to proteolysis. Alternatively, disassembly of the 26S could be also facilitated by a yet undefined proteolysis-independent mechanism. In any case, we showed that the 26S proteasome is indeed a direct source of a powerful chaperone-like activity, which can disassemble and/or remodel the substrate-associating proteins. A clue as to why disassembly of the SCF could be beneficial comes from analysis of Cand1/Cul1 complex (Goldenberg et al., 2004 ). Cand1 is a negative regulator of SCF, which acts by sequestering unassembled Cul1 subunit. Thus, a mechanism that can generate free subunits from otherwise stable SCF complexes could be necessary to allow transitions between the functional and inhibited states. 
Experimental Procedures
Antibodies
Identification of Proteins by Mass Spectrometry
SDS-PAGE-resolved proteins were digested with trypsin, batch fractionated on a RP micro-tip, and the peptide mixtures analyzed by MALDI-reTOF mass spectrometry (Winkler et al., 2002) .
Mass Spectrometric Analysis of Peptide Patterns
Peptides in each of fraction described in Figure 5 were pooled, lyophilized, resuspended in 50 l of 0.1% TFA, concentrated on C18 Ziptip (Millipore), eluted with 1 l of 0.1% TFA/50% Acetonitrile saturated with α-Cyano-4-hydroxycinnamic acid matrix (Agilent) and analyzed by MALDI-MS.
Electron Microscopy Fresh
F
Pre1
PIPs or F Pre1 samples were stained with 2% uranyl acetate on carbon-coated EM grids. Images were recorded with a JEOL 1200EX electron microscope and digitized with a Eurocore Hi-Scan film scanner at a resolution of 30 microns, or 5 Å on the specimen. Images of individual particles were aligned by a reference-independent alignment procedure using the SPIDER software (Frank et al., 1996) . The procedure was repeated 6-12 times for each data set. To calculate difference maps, the averages were high-and low-pass Fourier filtered and scaled to minimize deviations. 
Flow Cytometry Measurements
